Abstract: Aiming at the color deviation caused by different angle in color measuring, a correction method has been designed. CIE x, y chromaticity coordinates of 34 RAL-K7 samples under different illumination angles of 30°-60°were measured. Then, we use LASSO function fitting and cross validation to establish a chromaticity coordinate migration prediction model under arbitrary illumination angle in the range of 30°-60°. On this basis, chromaticity coordinates measured under any three illumination angles in the range of 30°-60°can be corrected to the chromaticity coordinate at 45°/0°CIE (Commission Internationale de L'Eclairage) standard illumination observation condition by sequential quadratic programming. The accuracy of the correction method was evaluated by experiments. The research results can provide a correction method of color deviation caused by different angle in color measuring.
Introduction
Improving the accuracy of colour measurement is one of the important directions in the colour research. The illumination observation conditions, especially the illumination angle, will affect the accuracy of colour measurement. For standard colourimetric illumination source, the change of incident angle of light on transparent colourless glass plate will lead to the change of chromaticity coordinate of reflected light [1] . Colour largely depends on illumination observation conditions and spectral power distribution of illumination source during measuring. No matter the slight change of brightness or the change of illumination direction, the data measured will change significantly [2] , [3] . Therefore, the illumination observation condition is one of the important reasons of colour measurement error [4] . In the actual measurement, it is found that the chromaticity coordinates are obviously offset with the change of illumination angle. In Table 1 , Illuminated by D65 artificial daylight, the chromaticity coordinates of RAL6010 sample under different illumination angles are given.
To solve this problem, CIE stipulated the latest standard illumination observation conditions in 2018 [5] , [6] . But in many scenarios, especially in the field measurement, it is difficult to meet the illumination observation conditions. For example, in the study of the influence of natural conditions on the colour of the Summer Palace paintings, when periodic measuring of chromaticity coordinate TABLE 1 The Chromaticity Coordinates of RAL6010 Sample Under Different Illumination Angles change. It is hard to guarantee the measurement is completed under the standard illumination observation conditions of 45°/0°. Therefore, the chromaticity coordinates measured under nonstandard illumination observation conditions need to be corrected to achieve the standardization of colour information.
In order to solve this problem, many scholars have done researches. Zhu Zhenmin performed colour correction for device-independent colour space, obtained the mapping coefficient matrix by polynomial regression model under artificial D65 illumination and LED array illumination, and evaluated the correction accuracy [7] . Li Sansi obtained the relationship between the measurement error and colour through experiments, and then proposed a colour error compensation method which produces a colour-error library according to the error of the different colours [8] . Zhuo Li proposed a Kernel Partial Least Squares Regression (K-PLSR)-based colour correction method for Traditional Chinese Medicine (TCM) tongue images under different illumination conditions [9] . Ma Jian measured the colour appearance of five kinds of paper with different gloss levels, and came to the conclusion that the agreement for hue attribute between instrumental measurement and visual assessment is better under the 0°/45°and 15°/0°geometries. This conclusion also illustrates the influence of illumination observation conditions on colour measurement results [10] . J.V. Weijer et al. proposed a new illumination chroma estimation algorithm based on high-order derivative image, which uses the chroma edge of colour image to make correction [11] . Xu Rui constructed a model of illumination chroma estimation with good generalization ability and stability based on machine learning under single illumination, and used it to solve the problem of textile colour correction in printing and dyeing process [12] . Liu Qiang, Wan Xiaoxia and others proposed a new colour correction method based on wide gamut colour spectrum sample set, which significantly improved the correction accuracy of the current colour correction algorithm [13] . Considering the chromaticity measurement error caused by the illumination change of the imaging scene, Huzunlan mainly studies the problem of chromaticity detection and correction under the condition of uniform illumination. Analyzed the distribution characteristics of colour and naturalness of images and then proposed a colour detection and correction algorithm based on colour feature analysis [14] . He Chengdong analyzed the variation of chroma and spectral value of aluminized paper under different illumination observation conditions [15] . Chen Yanju took 0/d and d/0 conditions as examples to demonstrate the influence of illumination observation conditions on the chroma value of samples, and elaborated that the degree of influence is related to the gloss of sample surface [16] .
It can be seen from the above that at present, the research on this problem focuses on the correction of accidental errors and the improvement of correction algorithm. The pertinent research on the influence of illumination angle to colour measurement is rare, and the effect of correction model needs to be improved. Based on this, this paper provides a correction method of colour deviation caused by different angle in colour measuring, which realizes the standard normalization of the colour information measured under non-standard illumination observation condition. The research algorithm is shown in Fig. 1. 
Experiment

Experimental Equipment
By analyzing the colour information of colour paintings in traditional Chinese architecture, from RAL-K7 samples which have the similar gloss with traditional Chinese architecture paintings, we choose 34 samples (RAL3017, RAL5014, RAL6010, RAL7002, RAL8000, RAL8000, RAL1006, RAL1006, RAL4004, RAL4004, RAL5003, RAL6020, RAL9002, RAL9002, RAL9002, RAL3028, RAL7037, RAL7037, RAL5009, RAL5009, RAL5009, RAL8007, RAL8007, RAL2004, RAL2004, RAL1001, RAL1001, RAL3004, RAL3004, RAL4009, RAL6005, RAL6005, RAL7008, RARAL101 4, RAL1019, RAL2012, RAL5020, RAL6000, RAL6015, RAL6026, RAL8015, RAL3012, RAL7043, RAL7013) as test samples.
The experimental illumination source is D65 artificial daylight (OSRAM, L30W/965, 6500K). The digital level instrument (LAISAI LS160) is used to control the illumination angle. Chromaticity coordinate information is measured by Topcon BM-5.
Experimental Plan
The experiment was carried out in the underground optical laboratory of Tianjin University. There is no interference from natural illumination source or other artificial illumination sources except the D65 artificial daylight. Firstly, RAL-K7 samples are fixed vertically on the experimental platform. The distance between Topcon BM-5 and RAL-K7 samples is 1 m, and the distance between the D65 artificial daylight and RAL-K7 samples is 1.5 m. The illumination angle changes from 30°to 60°. Each adjustment of 1°, the RAL-K7 samples' chromaticity coordinates are measured and recorded. The experimental device is shown in Fig. 2. 
Analysis and Modeling
Data Analysis
Based on the chromaticity coordinate measured, the relationship between RAL-K7 samples chromaticity coordinates x, y and the illumination angle α is drawn, which basically conforms to the quadratic curve relationship. The quadratic curve relationship between the chromaticity coordinates x, y and the illumination angle α is established respectively as Eq. (1) and Eq. (2).
The fitting coefficients a x , b x , c x , a y , b y , c y are obtained by fitting the non-linear function. Taking RAL6010 sample as an example, the curves of chromaticity coordinates x, y changing with illumination angle are fitted respectively as shown in Fig. 3 .
Then we fitted the rest thirty-three RAL-K7 samples data with the same method, and the fitting coefficients are shown in Table 2 . coefficient matrix:
Modeling
to meet the requirement of the forecasting model as Eq. (3) and Eq. (4).
The model is evaluated by Leave-One-Out cross validation. Thirty-three sets of data are used to train the model coefficient matrix and one set of data is tested [17] , [18] . By substituting test group data and cycling training, the average error of chromaticity coordinate x is 8.337E-03, the average error of chromaticity coordinate y is 5.640E-03, and the offset error of chromaticity coordinate is 1.007E-02. The error is large and the model is under-fitting state. By Increasing the cubic characteristic factor [x 3 ; y 3 ; x 2 y; xy 2 ], the average error of chromaticity coordinate x decreases to 3.735E-03, the average error of chromaticity coordinate y reduces to 2.055E-03, and the offset error of chromaticity coordinate is 4.0263E-03. For linear models, the complexity of model is directly related to the characteristic factors. More characteristic factors mean the model is more complex. More characteristic factors often give a seemingly better fitting model but also with the risk of over-fitting. 
Modeling Modifying
Because the experimental samples are limited and the distribution of samples is not uniform enough, the training of some sample points is insufficient, and the error of the sample with concave function is large. In Fig. 4 , the red curve is the fitting curve of the experimental data of RAL5003 sample chromaticity coordinate x, and the black curve is the prediction curve of the prediction model. There are large errors between the two curves. Through repeated sampling and training of such samples, the average error reduced [19] . For the problem of over-fitting which may be caused by repeated sampling and excessive characteristic factors, we construct penalty function by using LASSO function to compress part of the characteristic factor coefficients, and selectively put the characteristic factor into the model to obtain better fitting effect, and some coefficients are compressed to obtain a more refined model, thus avoiding over-fitting [20] , [21] . The basic idea of LASSO function is to minimize the sum of squares of residuals under the condition that the absolute sum of regression coefficients is less than a constant. In the process of compressing parameters, the variables with larger parameter estimates are compressed less, and the variables with smaller parameter estimates can even be compressed to 0. Thus, a refined model is obtained. Its mathematical expression is as Eq. (5), Eq. (6) and Eq. (7).
Among it, t > 0 is the adjusting parameter. By controlling the adjusting parameter t, the total regression coefficient can be compressed. t value is determined by cross validation: t x = 7.742, t y = 14.736.
Finally, the coefficient matrixes of the prediction model updated in Eq. (5), Eq. (6) and Eq. (7) are obtained: After cross validation, the average error of chromaticity coordinate x is 1.357E-03, the average error of chromaticity coordinate y is 1.174E-03, and the offset error of chromaticity coordinate is 1.794E-03. Taking the RAL6010 sample as an example, the chromaticity coordinates of the measured points and prediction curves are verified as shown in Fig. 5 . With the chromaticity coordinates measured under illumination angle of 45°, this prediction model can predict the chromaticity coordinates under arbitrary illumination angle in range of 30°−60°.
Model Application
The broader application scenario of this prediction model is to correct the chromaticity coordinates measured under arbitrary illumination angle in range of 30°−60°to the chromaticity coordinates of 45°/0°standard illumination observation condition. Firstly, we calculate the fitting coefficients a, b, c by substituting three arbitrary illumination angles and the corresponding chromaticity coordinates. Then a set of overdetermined equations about chromaticity coordinates x, y is established. The initial solution is the arithmetic mean value of chromaticity coordinates x, y under three illumination angles. Finally, solve the answer in the range of CIE chromaticity diagram by SQP [22] - [24] . The objective function is as Eq. (8).
In order to avoid confusion between the chromaticity coordinate x and the variable x to be solved in the objective function, the chromaticity coordinate x is represented by x(1) and the chromaticity coordinate y is represented by x(2) in the following solving process.
Among it, the characteristic factor T x of the chromaticity coordinate x is [x(1); x(2);
Establish Lagrange Function as Eq. (10).
QP (Quadratic Programming) sub-problems are obtained by linearizing the non-linear constraint: Then the objective function is shown as Eq. (11).
The constraint is shown as Eq. (12).
Among it, d is the search direction of all variables, k is the number of iterations, and matrixH k is the positive definite quasi-Newton approximation of Hessian matrix of Lagrange function. In each iteration process, firstly calculate x k+1 according to the iteration equation as Eq. (13). Among it, α k is the iteration step parameter, and then update the Hassian matrix of Lagrange function as Eq. (14) .
Among it, q k , s k are obtained by Eq. (15) and Eq. (16) .
Finally, the local optimum solution is obtained by iteration as the chromaticity coordinates under illumination angle of 45°.
Verification
Taking the correction of chromaticity coordinates measured under illumination degrees of 60°, 50°and 35°as an example. We choose the colour painting on the east side of Liujia Pavilion in the Summer Palace as the object in the verification experiment. Ten test points were selected randomly as shown in Fig. 6 . Firstly, the chromaticity coordinates of test points were measured under illumination degree of 45°as the verification group. Then the chromaticity coordinates of test points were measured under illumination degrees of 60°, 50°and 35°respectively. Calculate the chromaticity coordinates under illumination degree of 45°by this prediction model, and then compared the predicted values with measured values. The relative error is shown in Table 3 , calculate deviation error by Eq. (17) E r r or
the and the average deviation error of chromaticity coordinates is 0.0005.
Conclusion
Based on the experimental data and correlation analysis, a prediction model is established, which can predict the chromaticity coordinates under arbitrary illumination angle in range of 30°−60°using the chromaticity coordinates measured under 45°illumination angle. This method corrects the chromaticity coordinates measured under non-standard illumination observation conditions to the chromaticity coordinates under standard illumination observation conditions of 45°/0°. The offset error of the chromaticity coordinates is verified to be 0.0005. This prediction model provides a correction method for chromaticity coordinate offset caused by illumination angle.
